A sample of over 400 co-occurring species of Neotropical Hesperiidae attracted to artificial lures was used to test for temporal structure among species and explore potential consequences of temporal partitioning within assemblages. Five years of intermittent transect samples at the same site revealed that diel activity was significantly partitioned among subfamilies, genera and species within this species assemblage. Calculations of reproductive isolation indicate that partitions in activity times are sufficient to provide significant prezygotic reproductive isolation among some congeneric species pairs. Temporal patterns in this assemblage are considered in light of field observations and temporal partitions are examined as a potential isolating barrier among insects.
INTRODUCTION
Diel activity in insects is a well-known phenomenon, with feeding, courtship, migration and oviposition often separated among particular hours of the day or night (Williams, 1939; Corbet, 1960; Schlising, 1970; Dreisig, 1986; Thomas, 1996; Srygley & Penz, 1999; Fullard et al., 2000; Feer & Pincebourde, 2005) . This temporal partitioning can have consequences for both the origin and maintenance of diversity in insect communities. For example, if times for feeding, migration and oviposition are partitioned, a more diverse community of species may be able to utilize the same suite of food sources (Gotelli & Graves, 1996; Tokeshi, 1999) . Further, temporal segregation of courtship and mating across the diel cycle may result in prezygotic isolation between taxa, especially insects, allowing for the continued coexistence of potentially hybridizing species (Konno & Tanaka, 1996; Miyatake et al., 2002; Samudra et al., 2002) .
Numerous studies have documented temporal partitions of activity among butterflies. This includes seasonal as well as daily segregation among species (Clench, 1967; Shapiro, 1975; Shapiro et al., 2003 and references therein). Some butterflies are active throughout the day, while others exhibit their greatest activity at midday or are most active during the early morning and/or late afternoon (Kôda, 1982; Orr, 1982; Novotny, Tonner & Spitzer, 1991; Fullard et al., 2000) . Depending upon the species, behaviours occurring at discrete times can include feeding (Stone et al., 1988) , mate searching (Callaghan, 1982; Rutowski, 1991; Alcock, 1994; Bitzer & Shaw, 1995; Freitas et al., 1995; DeVries, 1997; Srygley & Penz, 1999; Hirota, Hamano & Obara, 2001 ; Kemp & Rutowski, 2001 ) and oviposition (DeVries, 1987) . While such observations suggest that large assemblages of butterfly species may show temporal differentiation among diel cycles, no study has tested this explicitly.
Butterflies are composed of two monophyletic groups: Papilionoidea (true butterflies), traditionally including four or five families (Ackery, de Jong & Vane-Wright, 1999) and Hesperioidea (skippers) represented by the single family Hesperiidae encompassing seven, monophyletic subfamilies (Warren, 2006) . It is widely known that nutrition of adult butterflies includes a variety of liquid resources (Collenette & Talbot, 1928; Norris, 1936; Downes, 1973; Kevan & Baker, 1983; Beck, Muhlenberg & Fiedler, 1999) , but, in certain contexts, males of some butterfly groups feed at particular resources to acquire chemical substances needed for courtship and reproduction (see Arms, Feeny & Lederhouse, 1974; Pliske, Edgar & Culvenor, 1976; Sculley & Boggs, 1996; Molleman et al., 2005 and references therein). Many species of Neotropical Hesperiidae feed at fresh bird droppings associated with army ant raiding swarms and, as the overwhelming majority of feeding individuals are males (Austin, Brock & Mielke, 1993; Lamas, Mielke & Robbins, 1993; Vieira, 2004) , it is likely they are harvesting resources needed for courtship or mating. Moreover, attraction to bird droppings is so great that these skippers do not seem to discriminate between real bird droppings and artificial lures that resemble bird droppings (Austin et al., 1993) .
This study examined diel activity in a diverse assemblage of co-occurring Neotropical Hesperiidae to test for temporal segregation among species in the assemblage and to examine potential consequences of such partitioning. We used transects to sample males attracted to artificial lures at discrete daily intervals to determine if overall daily activity was partitioned and whether taxonomic subsets of Hesperiidae (subfamilies, genera and species within genera) showed discrete temporal partitions of activity. Temporal patterns in this assemblage were then evaluated in light of field observations and other studies. Finally, we discuss temporal partitioning as a potential barrier to gene flow and estimate the strength of this potential barrier between closely related species pairs in our study system.
MATERIAL AND METHODS
This study was conducted intermittently over 5 years near Cacaulândia in central Rondônia, Brazil. The study site is in lowland tropical rainforest under the protection of the FAUTRON rainforest reserve and adjacent to Fazenda Rancho Grande. The site is subject to varying intensities of disturbance and is characterized by a distinctly seasonal climate, with a pronounced dry season (May-September) and a wet season (October-April) marked by daily rains from late December to February (see Austin, Emmel & Mielke, in press ).
Using a protocol designed to standardize observations on a feeding guild of male skippers (Austin et al., 1993) , over 800 h of sampling was performed on 14 transects along forested trails. Each transect was 300 m in length. On each sampling day, a single transect was established consisting of 100 salivamoistened wads of toilet paper lures (that simulate bird droppings) placed on upper surfaces of leaves from 0.5-1.0 m above the ground and spaced at approximately 3-m intervals. Skippers typically landed on or near lures and fed on moisture from saliva-impregnated paper (Austin et al., 1993) , whereupon they were collected with a hand net, dispatched, placed into glassine envelopes labeled with sampling details and subsequently identified to species by one of the authors (GTA). Transects were set in the morning (between 07:00 and 09:00 h) and monitored until sunset (18:00 h), unless strong winds or heavy rain prevented observations. Transects were walked at least twice every 30 min and all lures were remoistened with saliva as necessary. Accumulated samples were pooled by 30-min intervals and then transects were reset at different sites on successive days. Sampling was conducted during all seasons excepting the middle and late wet season. Voucher specimens are deposited at the Departamento de Zoologia, Universidade Federal do Paraná, Curitiba, Paraná, Brazil and the McGuire Center for Lepidoptera and Biodiversity, Florida Museum of Natural History, Gainesville, Florida.
ANALYSIS
To evaluate potential temporal separation among phylogenetic partitions we used analysis of variance (ANOVA) to test whether feeding activity among taxonomic subsets of Hesperiidae sampled at lures was partitioned into discrete intervals. The dependent variable was time measured in 30-min intervals, with subfamily, genus nested within subfamily and species nested within genus as main effects. For purposes of the model (and calculating meaningful mean squares), 07:00 h (the earliest sampling time) was denoted as hour 0, 08:00 h was denoted as hour 1 and so forth until 18:00 h (hour 11), the latest sampling time. We made the simplifying assumption that species within genera and genera within subfamilies were equally related, while all species across genera, all genera across subfamilies and all subfamilies were equally unrelated. Because sampling occurred intermittently, and with unequal sampling effort over the 5-year period, variation in species abundance within or among years could not be tested statistically. To overcome this issue, we made two additional simplifying assumptions: feeding times of skippers were affected neither by sample year nor by time of year. These assumptions are potentially falsifiable, but if feeding times were influenced by sample year or time of year, then variance around the feeding activity means would increase and it would be more difficult to detect significant main effects. Therefore, as employed here, this ANOVA model is probably conservative.
We used subsets of genera to further explore whether congeners show temporal partitioning of activity times. Where sample sizes permitted, we used post hoc t-tests to compare congeneric activity times of species within 27 genera containing two or more species, each with ten or more individuals. We then employed conservative Bonferroni corrections to assess significance.
Segregation of activity times among closely related species enhances reproductive isolation because it decreases the chance of interspecific mating. We suggest that temporal segregation among males may reflect reproductive segregation among some species pairs, as males probably visit bird droppings as a precursor to mating, and that visiting bird droppings and nuptial activity may occur during the same general period. These are realistic assumptions as courtship and feeding times are observed to be synchronized between the sexes in many groups of butterflies (Callaghan, 1982; Rutowski, 1991; DeVries, 1997; Srygley & Penz, 1999) , including Hesperiidae (Pivnick & McNeil, 1985) . Granting that these assumptions are valid, the degree to which temporal segregation results in reproductive isolation is quantifiable (Martin & Willis, 2007) .
In the absence of prezygotic barriers, the frequency of interspecific matings will depend solely upon frequency of either parental species in the mating pool. For instance, if species A and B are equally abundant, mating is random within and between species and no reproductive barriers act to reduce hybrid formation, then females of each species in the population will produce half pure-species progeny and half hybrids. Reproductive asynchrony (temporal segregation) will reduce the chance for interspecific encounters while simultaneously increasing the chance for intraspecific mating. Accordingly, we use the methods of Martin & Willis (2007) , which estimate rates of hybrid and pure-species formation (before and after the action of defined reproductive barriers), to calculate reproductive isolation (RI) in seven congeneric species pairs that showed significantly different flight times.
Reproductive barriers are often asymmetric in their action and temporal isolation is no exception. A single measure of RI, therefore, cannot be obtained for each species pair of skippers because RI acts asymmetrically when sample sizes of both species are unequal and temporal flight patterns are not symmetric. We therefore calculated two measures of RI for each species pair, comparing the observed degree of temporal overlap with that expected if there was no partitioning. For species A as maternal parent, RI A compares the observed/expected probability of F1,A hybrid formation with that of pure-species A formation and for species B as maternal parent RIB compares the observed/expected probability of F1,B hybrid formation to that of pure-species B formation:
and
where q0,A and q0,B are the proportion of all males observed in the entire study that were species A or B, respectively. In these equations, q0,A represents the null probability that females of species A will mate with males of species B, while q0,B represents the null probability that females of species B will mate with males of species A. These values (q0,A and q0,B) also represent the proportion of all males observed in the entire study that were species A or B, respectively. Here also, q sb
, where si represents the proportion of all species A individuals encountered throughout the entire sampling period that were captured on interval I, ti represents the proportion of all species B individuals encountered throughout the sampling period captured on interval I, while ai and bi represent the frequency of species A and B, respectively, that were sampled flying together during the same interval i. Values of RI range from 0 to 1, with 0 representing no isolation (i.e. complete overlap) and 1 representing complete isolation (i.e. no overlap) and are completely analogous to commonly used measures of postzygotic isolation in which RI postzygotic = 1 -hybrid fitness/parental fitness (Ramsey, Bradshaw & Schemske, 2003; Coyne & Orr, 2004; Husband & Sabara, 2004) .
RESULTS
Our sample consisted of 12 546 individual skippers representing 404 species, 148 genera and three subfamilies (Table 1) . Abundances varied among subfamilies where Eudaminae was most abundant, followed by Hesperiinae and then Pyrginae (Table 1) . The disparity in abundances reflects the fact that male Neotropical Eudaminae appear to be specialists at utilizing bird droppings as a resource (P. J. DeVries, G. T. Austin & N. H. Martin, unpubl . data), a topic we will treat elsewhere. Nevertheless, although only about half of Hesperiinae and Pyrginae known to occur at the site were represented in our DIEL ACTIVITY AND REPRODUCTIVE ISOLATION 725 sample (Table 1) , we have no a priori reason to believe that it does not represent real variation in temporal activity times of these groups. Rather, as the sample accounted for over 60% of all species known at this site, we feel it sufficiently robust to assess temporal segregation among taxonomic subsets.
There were significant differences in diel activity among subfamilies, genera and species. The overall nested ANOVA was highly significant (F 403, 12,143 = 10.68, MS = 62.32, P < 0.0001) and explained 31.8% of the total variance (Table 2) . Flight activity varied significantly among subfamilies where members of Eudaminae were active significantly later than those of Hesperiinae and Pyrginae (three Bonferroni-corrected t-tests, P < 0.01, Fig. 1 ). The mean flight activity periods among genera also varied significantly (Table 3) , as did flight activity among species within genera (Table 4 ). In sum, this species assemblage showed significant temporal partitions among all taxonomic levels.
Activity of Hesperiidae extended throughout the day. The greatest proportion of species were active between 09:00 and 13:00 h and the fewest species were active early and late in the day (Fig. 2) . The number of active species increased rapidly after 08:00 h, peaked between 09:00 and 13:00 h and gradually declined until 17:00 h, whereupon the number of active species fell dramatically. Considering only those genera with five or more individuals per species, all three subfamilies showed an overall peak of activity around midday -76% of the genera were sampled between 10:00 and 13:00 h (Table 4A) . Sampling hour 1 = 07:00-08:00, sampling hour 2 = 08:00-09:00 and so forth. Figure 1 . Differences in flight times among skipper subfamilies expressed as least square means (± 1 SE). The vertical axis shows mean hourly activity periods. As a group, members of Eudaminae were active significantly later than members of Hesperiinae and Pyrginae. There were no significant overall differences in activity times of the Hesperiinae and Pyrginae. 164, 66, 53, 44, 36, 34, 33, 23, 22, 20, 18, 14, 7, 5, 5, 3 However, other genera were active distinctly earlier (e.g. Marela, Carystus, Cynea) or distinctly later (e.g. Cephise, Bungalotis, Carystoides), although no species of Pyrginae was sufficiently abundant during those times to be analysed (Table 4B) .
Species-by-species pair-wise t-tests (273 comparisons in all) on the 27 genera that fit our sample size criteria showed that species activity times did not differ significantly from each other within most genera. Twelve genera revealed significant differences E, Eudaminae; H, Hesperiinae; P, Pyrginae; SE, standard error; SP, abundances of individual species sampled within a genus, each separated by a comma (e.g. Aguna is represented by 13 species); TA, total sampled abundance in a genus. Least square means (LSM) of genera were calculated as a simple non-weighted average of species within the same genus (i.e. all species were treated equally regardless of sample size). Thus, the LSM represents the mean activity time for each genus.
(uncorrected for multiple comparisons) between at least one species pair. Although at an uncorrected a level of 0.05 only 14 of the 273 pairwise comparisons were expected to be significant, we found 112 pairs to be significantly different. However, after Bonferroni corrections were taken into consideration, only seven genera (four Eudaminae and three Hesperiinae) revealed significant differences among species pairs. The most displaced species pairs in each of the seven genera are presented in Figure 3 and two calculated measures of reproductive isolation as a result of divergence in flight activity are in Table 5 . In concert, the significant species effect in the nested ANOVA (Table 2) , the large number of significant differences in flight times of intrageneric species pairs (14 expected, 112 observed) and the magnitude of reproductive isolation because of flight-time divergence (Table 5 ) all support the hypothesis that there is Table 4 . A, flight periods based on least square means for 106 genera with a sample of five or more individuals per species. Note that 76% of the genera were sampled between 10:00 and 13:00 h. B, genera sampled earlier or later than 10:00 and 13:00 h. During these times no member of the Pyrginae was sampled at sufficient abundance to be included here For species A as maternal parent, RIA compares the observed/expected probability of F1,A hybrid formation with that of pure-species A formation. For species B as maternal parent, RIB compares the observed/expected probability of F1,B hybrid formation to that of pure-species B formation. Measures of RI range from 0 (no isolation) to 1 (complete isolation). *Subfamily abbreviations: E, Eudaminae; H, Hesperinae.
temporal displacement of activity among some closely related species (Fig. 3 , Table 5 ).
DISCUSSION
Seasonal and diel partitions influence ecological communities because they permit opportunities for interspecific and intraspecific interactions (Brown & Alcock, 1991; Rutowski, 1991; Srygley & Penz, 1999; Hirota et al., 2001; Feer & Pincebourde, 2005) . Although various investigations suggest that seasonal partitions are important in assemblages of butterflies (Clench, 1967; Shapiro, 1975; Shapiro et al., 2003) , this study is the first demonstration of temporal par- titioning of diel activity among a large number of co-occurring species of Neotropical skippers. By sampling at a standardized resource, we found significant temporal partitions at all taxonomic levels (Fig. 1 , Tables 2-4). Significant differences in flight activity were evident among subfamilies, genera and among species nested within genera ( Table 2 ). The mean flight periods for all the genera sampled in our study (Table 3 ) represent a baseline of temporal activity for each genus that can be used in future investigations of temporal partitioning in the Hesperiidae. There were species active at all sampling intervals. The greatest proportion of species were active between 09:00 and 13:00 h, the fewest species active after 17:00 h (Fig. 2) and some active only during early morning or late afternoon (Table 4) . As representatives of most genera were sampled during peak daily activity times, this implies that fine-scale temporal segregation among genera was not a dominant characteristic in this assemblage. Nevertheless, some genera showed narrow and specific periods of daily activity (Table 4B ). For example, 30 years of field observations by GTA and PJD indicate that both sexes of Bungalotis (Eudaminae) are crepuscular or may even fly after dark. As members of Bungalotis were always sampled at lures the latest in the day, this suggests the potential correspondence between time of feeding at lures and mate-seeking behaviour. Our field experience also suggests that concordance between time at lures and nuptial activities may occur within closely related genera such as Cephise, Marela (Eudaminae) Carystoides, Carystus and Cynea (Hesperiinae). However, we stress that courtship and mating times for the vast majority of all Neotropical butterflies are unknown, particularly those of the Hesperiidae.
Spatial and temporal partitioning within species assemblages is generally thought to permit closely related species to coexist by reducing competition at resources (summarized in Gotelli & Graves, 1996; Tokeshi, 1999; Kronfeld-Schor et al., 2001; Adams & Thibault, 2006) . Furthermore, temporal partitioning may also result in substantial prezygotic isolation (Fox, 2003; Husband & Sabara, 2004; Weis et al., 2005; Martin & Willis, 2007) , thereby allowing otherwise potentially hybridizing species to coexist. In this study, we found a broad temporal overlap of many species that feed at the same resource (lures that resemble bird droppings) throughout the day (Table 3 , Fig. 2 ). While this suggests that bird droppings are an important resource for male skippers (particularly the Eudaminae), it seems unlikely to us that this resource is limiting or that temporal partitioning is driven by competition. It is worth noting here that no antagonistic behaviours were observed between males of the same species or different species when multiple individuals visited the same lure (G. T. Austin, pers. observ.) . If this resource seems unlikely to drive temporal segregation, then why do we find significant flight-time divergence among all taxonomic levels? Unfortunately, limitations in our data and the near absence of observations on courtship behaviour for Neotropical Hesperiidae preclude formulating and testing specific evolutionary hypotheses to explain the temporal partitioning found here. We were, however, able to calculate the strength of prezygotic isolation as a result of temporal segregation and we present the results of such calculations for a representative subset of species pairs in Table 5 and Figure 3 .
As isolating barriers act sequentially in the life cycle of potentially hybridizing species, early acting barriers may contribute more to total isolation than later-acting barriers, even if they are of equal strength (Schemske, 2000; Ramsey et al., 2003) . In fact, for sympatric species pairs, temporal isolation is potentially the most important barrier to gene flow. This is because later-acting barriers (i.e. behavioural, mechanical and/or postzygotic) only come into play if heterospecific individuals encounter each other in space and time. In this study, out of 27 genera with sufficient sample sizes, twelve genera showed significant flight-time divergence among congeneric species (see above). Species pairs in seven genera were highly significant after Bonferroni corrections (Fig. 3) , suggesting that flight-time divergence may play an important role in effecting prezygotic isolation among some members of this species assemblage. Calculating the strength of RI based on temporal partitioning for these seven pairs of species yielded estimates ranging from 0.244 to 0.949 (Table 5) . In other words, as a result of temporal displacement between this subset of species pairs, 24.4 to 94.9% of all potential gene flow in one direction is prevented. For example, the estimate of RI = 94.9% found for Neoxeniades braesia (Hewitson, 1867) ¥ Neoxeniades cincia (Hewitson, 1867) is a comparison of observed/ expected hybrid formation with N. braesia as the maternal parent to that of pure-species N. braesia. The reciprocal cross (potential hybrids with N. cincia as the maternal parent) shows strong but lower reproductive isolation (RI = 0.554, Table 5 ). Thus, temporal isolation here has the potential to be an important absolute, yet asymmetric barrier to gene flow between potentially hybridizing closely related skipper species.
The asymmetric isolation noted here is not unusual. Prezygotic isolation is known to be asymmetric for a wide variety of barriers in animals and plants. Several genetic models have been developed to explain asymmetric isolation -particularly behavioural barriers (Kaneshiro, 1976 (Kaneshiro, , 1980 Rolán-Alvarez, 2004; Boughman, Rundle & Schluter, 2005) . While flight-time divergence between skipper species is likely because of underlying genetic differences, the calculated asymmetries reflect different population sizes (i.e. no underlying genetic cause for asymmetry). Here, the strong asymmetry between N. cincia and N. braesia (Table 5 ) mainly reflects different sample sizes (N = 210, 14 respectively). Although the propensity for these species to hybridize is unknown, the incidence of interspecific hybridization in taxonomically diverse groups suggests it is plausible (see reviews in Arnold, 1997 Arnold, , 2006 . Theoretically, this asymmetry could have consequences for gene flow, including uneven gene flow as a result of the taxon with the smaller population of F 1 hybrids having a greater tendency to backcross with the more common species (Anderson, 1948 (Anderson, , 1949 Huxel, 1999; Wolf, Takebayashi & Rieseberg, 2001; Haygood, Ives & Andow, 2003; Burgess et al., 2005) and local extinction of taxa through genetic assimilation (Ellstrand & Elam, 1993; Levin, Francisco-Ortega & Jansen, 1996; Rhymer & Simberloff, 1996; Arnold, 1997 Arnold, , 2006 .
The temporal displacement of activity observed here may serve as an isolating barrier only if mating occurs during or shortly after those times. Both flight times and estimates of reproductive isolation indicate that significant temporal displacement occurs among closely related species of skippers. Although our sample consisted solely of males, it is likely that some species pairs showing significant temporal partitioning may have concomitant differences in courtship times. Although for some genera we have field observations supporting this hypothesis, almost nothing is known about female activity for any species of Neotropical Hesperiidae. Therefore, a great deal more comparative observations on skipper courtship and mating times are required to verify whether this is a general phenomenon.
Butterflies have played a major role in our understanding of insect evolution, ecology and structure of tropical insect communities (e.g. Vane-Wright & Ackery, 1984; DeVries & Walla, 2001; Engen et al., 2002; Pierce et al., 2002; Boggs, Watt & Ehrlich, 2003; Hamer et al., 2006 and references therein) . Despite a massive literature on the biology of butterflies, our understanding of the Hesperiidae lags far behind that of other butterflies. Consider that Hesperiidae account for 27-39% of Neotropical regional and site richness of butterflies (Mielke, 2004; Warren, 2006; G. T. Austin, unpubl. data ), yet out of nearly 200 studies on Hesperiidae between 1974 and 1993 listed by Lamas, Robbins & Field (1995) , only 22 examined behaviour and/or ecology. By employing simple sampling and analytical techniques, this study revealed significant temporal partitions at all taxonomic levels in a diverse assemblage of Neotropical Hesperiidae and, in doing so, it illuminates the need for comparative observations on the timing of skipper nuptial activity. We hope this investigation serves to stimulate more ecological and evolutionary research on assemblages of Hesperiidae, particularly on evolution of temporal partitions.
